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LARm PE;RIODS I N  POLYETHYLENETEFXPRTHALA'IIE FILMS1 /io62 

A. I. Kitaygorodskiy, D. Ya. Tsvankin,and Yu. M. --- Petrov <* \ 

f % 3 7 /  4 A*#*" 
The i n t e n s i t y  d i s t r i b u t i o n  of low-angle X-ray s c a t t e r i n g  

from polyethyleneterephthalate f i l m s  of axially-plane texture 
has been inves t iga ted .  
i s  concentrated i n  two domains of t h e  r ec ip roca l  space planes. 
The regions have t h e  shape of a rec tangle  with t h e  l a r g e  s ide  
normal t o  t h e  plane of t h e  f i l m .  
of t h e  i n t e n s i t y  i s  i n  two regions of t h e  sur face  which i n t e r -  
connect t h e  long sides of t h e  rectangle (Figure 3). 
t e n s i t y  d i s t r i b u t i o n  of t h e  low-angle X-ray s c a t t e r i n g  w a s  
compared with t h e  d i s t r i b u t i o n  of t h e  c r y s t a l l i t e  o r i e n t a t i o n  
which w a s  studied earlier with t h e  a id  of po lar  f i gu res .  The 

comparison shows t h a t  t h e  l a rge  period (140g) i s  always ob- 
served along t h e  axes of t h e  macromolecules. It w a s  a l s o  es- 
tab l i shed  t h a t  t h e  domains responsible f o r  t h e  l a r g e  periods 
m u s t  be regions of t r a n s i t i o n  between c r y s t a l l i t e s  having 
d i f f e r e n t  o r i en ta t ions .  The X-ray d i f f r a c t i o n  p i c tu re  both 
a t  low and normal angles can be explained i n  terms of a sys- 
t e m  of bent and intertwined macromolecular packets. 4 I/T ffdn 

The major por t ion  of t h e  i n t e n s i t i e s  

The o ther ,  weaker por t ion  

The in -  

.-.c--c 

I n  X-ray p i c tu re s  of polymers taken a t  s m a l l  angles, periods of t h e  
order  of s eve ra l  hundred Angstrom u n i t s  are observed toge ther  with con- 
t inuous  sca t t e r ing .  The inves t iga t ion  of t h i s  phenomenon, which w a s  
f i r s t  discovered by Hess and Kiessig (Ref. l), has  been reported i n  many 
works (Ref. 2). So far, however, the o r i g i n  of t h e  l a r g e  periods and 
t h e i r  assoc ia t ion  with the  s t ruc tu re  i s  not c l e a r  i n  many respects.  The 
well-known scheme of H e s s  explains t h e  o r i g i n  of t h e  l a r g e  period by t h e  
f a c t  t h a t  along t h e  packet of chains t h e r e  i s  an order ly  a l t e r n a t i o n  of  
c r y s t a l l i n e  and amorphous domains. 
stand i f  we  proceed from t h i s  general explanation. It i s  not c l ea r ,  f o r  
example, how t h e  four-point,  low-angle X-ray p i c tu re s  occur. It i s  not  
c l e a r  why t h e  magnitude of  t h e  large period depends on heat treatment. 
It seems t o  u s  t h a t  t h e  p r i n c i p a l  shortcoming of many works devoted t o  
t h e  inves t iga t ion  of large periods and polymers i s  t h e  absence of a 

Many phenomena are d i f f i c u l t  t o  under- 

'Translation of Boll shiye Periody v Plenke P o l i e t i l e n t e r e f t a l a t a  from 
Vysokomolekulyarnyye Soyedineniya (High Molecular Weight Compounds) , 
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p a r a l l e l  i nves t iga t ion  of t h e  sca t t e r ing  of X-rays f o r  s m a l l  angles as 
w e l l  as f o r  t h e  normal i n t e r v a l  of angles. 

If t h e  va r i a t ion  i n  t h e  s i z e  o r  o r i e n t a t i o n  of t h e  l a r g e  period i s  
associated with t h e  va r i a t ion  i n  t h e  amorphous-crystalline s t r u c t u r e  of 
t h e  polymer, then  it i s  reasonable t o  expect t h a t  phenomena of t h i s  type 
w i l l  produce an e f f e c t  on X-ray d i f f r a c t i o n  from t h e  polymer a t  high 
angles. 
angle X-ray p i c tu re s  of polymers w i l l  y i e ld  valuable information on t h e  
nature and o r i g i n  of l a r g e  periods. 

I n  our opinion, t h e  p a r a l l e l  study of small-angle and normal- 

I n  t h e  present work, we compare low-angle and conventional X-ray 
p i c t u r e s  of polyethyleneterephthalate films which have an axially-plane 
tex ture .  
t i o n  of t h e  c r y s t a l l i t e  o r i e n t a t i o n  i n  films of polyethyleneterephthalate 
by means of po lar  f igures .  
t e n s i t y  d i s t r i b u t i o n  of low-angle sca t t e r ing  during d i f f r a c t i o n  from these  
same films. Af ter  t h a t  we s h a l l  make a comparison of t h e  d i s t r i b u t i o n  
of c r y s t a l l i t i c  o r i e n t a t i o n  with the d i s t r i b u t i o n  of t h e  i n t e n s i t y  of 

I n  a previous work (Ref. 3), a study w a s  m a d e  of t h e  d i s t r i b u -  

The purpose of t h i s  work i s  t o  study the i n -  

low-angle d i f f r a c t i o n .  w--t 

I n t e n s i t y  Di s t r ibu t ion  of Low-Angle Sca t te r ing  
i n  Reciprocal Space 

Low-angle X-ray photographs of polyethyleneterephthalate films were 
made wi th  a camera having two-point diaphragms: 
t h e  second w a s  0.1 mm. The d is tance  between t h e  sample and t h e  f i l m  w a s  
250 mm. Copper r a d i a t i o n  w a s  used with a f i l t e r .  Two series of low-angle 
X-ray p i c t u r e s  w e r e  obtained analogous t o  those two series which were used 
i n  cons t ruc t ing  t h e  polar  f i gu res  i n  Reference 3. The first series w a s  
obtained from a pack of samples cu t  from t h e  p l a t e  i n  t h e  d i r e c t i o n  of t h e  
macromolecular axis. The second s e r i e s  of X-ray p i c tu re s  w a s  obtained 
wi th  samples c u t  perpendicular t o  t h e  axis of t h e  chain. Each s e r i e s  con- 

axis 3f t h e  sample which always remains perpendicular t o  t h e  inc ident  
beam of rays.  I n  t h e  first series of p ic tures ,  t h e  axis of t h e  macro- 
molecule remains constantly perpendicular t o  t h e  inc iden t  beam of rays.  
During t h e  exposures of t h e  second series t h e  angle between t h e  axis of 
t h e  macromolecule and t h e  beam of rays i s  continuously varied. 

t h e  f i r s t  w a s  0.2 mm and 

s is ts  of X-ray p i c tu re s  obtained with successive r o t a t i o n s  around t h e  /I063 

Now we present a shor t  descr ip t ion  of t h e  low-angle X-ray p i c tu re s  
of t h e  two series. A l l  X-ray p ic tures  of t h e  f i rs t  series have a dash on 
t h e  f i rs t  l a y e r  l i n e  (and consequently, along t h e  negative first l a y e r  
l i n e ) .  
series i s  d i f f e r e n t .  The magnitude of t h e  l a r g e  period always remains 

cons tan t  and i s  equal t o  1408. 
when t h e  inc ident  beam i s  perpendicular t o  t h e  plane of t h e  film 

The length  of t h e  dash on the  various X-ray p i c tu re s  of each 

The minimum length  of t h e  dash i s  obtained 
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(Figure l a ) .  The m a x i m u m  length of t h e  dash i s  obtained when t h e  beam of 
r ays  i s  p a r a l l e l  t o  t h e  plane of t he  f i lm.  
pos i t i on  t o  another, t h e  length  of  t he  dash gradually changes (Figure la ,  
b, e ) .  The zero l a y e r  l i n e  does not exh ib i t  e i t h e r  t h e  continuous sca t -  
t e r i n g  o r  t h e  d i s c r e t e  periods. 
p a r a l l e l  t o  t h e  plane of t h e  fi lm, discontinuous s c a t t e r i n g  i s  sometimes 
observed on t h e  zero l a y e r  l i n e  (F igure  l e ) .  
s o l i d l y  cemented, t h i s  s ca t t e r ing  disappears. I n  t h i s  case, t h e  X-ray 
p i c t u r e s  of t h e  f i rs t  s e r i e s  as w e l l  as of t h e  second series exh ib i t  s ca t -  
t e r i n g  only on t h e  first l a y e r  l i n e .  
t h e  noncemented sample, t h i s  dash disappears a t  small angles between the 
plane of t h e  f i l m  and t h e  inc ident  beam of rays. Although t h e  o r i g i n  of  
t h i s  d i f f r a c t i o n  e f f e c t  has not been c l a r i f i e d  completely, t h e  f a c t s  pre- 
sented show t h a t  it i s  not associated wi th  t h e  s t r u c t u r e  of t h e  sample. 
Thus t h e  i n t e n s i t y  of t h e  low-angle s c a t t e r i n g  i s  concentrated on t h e  
first l a y e r  l i n e ;  i .e.,  on t h e  f irst  plane i n  t h e  r ec ip roca l  space. I n  
add i t ion  t o  t h e  low-angle r e f l exes  on t h e  f i r s t  l a y e r  l i n e s ,  t h e  X-ray 
p i c t u r e s  of t h e  f i rs t  s e r i e s  contain a r c s  which connect t h e  ends of t h e  
r e f l e x e s  on t h e  first l a y e r  l i n e s .  These a r c s  are c l e a r l y  v i s i b l e  on t h e  
X-ray p i c tu re  taken with a ray  perpendicular t o  t h e  plane of t h e  f i lm,  

and on X-ray p i c tu re s  corresponding t o  r o t a t i o n s  up t o  45' from t h i s  posi-  
t i on .  For l a r g e  angles, t h e  a r c s  connecting t h e  r e f l exes  disappear. I n  
p a r t i c u l a r ,  they  do not appear on X-ray p i c tu re s  taken wi th  t h e  beam 
p a r a l l e l  t o  t h e  plane of t h e  f i l m  (Figure IC). 

During ro t a t ion ,  from one 

When t h e  exposure i s  made with a r ay  

If t h e  pack of films i s  

I n  addi t ion  t o  t h i s ,  i n  t h e  case of 

The X-ray p i c tu re s  of  t h e  second series are d i f f e r e n t  from t h e  X-ray 
p i c t u r e s  of t h e  first series. During successive r o t a t i o n s  from t h e  posi-  
t i o n  where t h e  inc ident  beam i s  perpendicular t o  t h e  plane of t h e  fi lm, 
t h e  low-angle r e f l e x  i s  displaced towards t h e  l a r g e  angles 2 8 (Figure 2a). 
Simultaneously, t h e  length  of t h e  dash i s  decreased. 

t i o n  g r e a t e r  than 60°, t h e  b a s i c  r e f l e x  disappears.  
a r c s  which j o i n  t h e  ends of the r e f l exes  are concerned, they  e x i s t  i n  a l l  
of t h e  X-ray p i c tu re s  of t h e  second series. A t  high angles of ro t a t ion ,  
when t h e  r e f l e x  disappears, t h e  X-ray p i c tu re s  e x h i b i t  only t h e  remnants 
of t h e  a rcs .  Such a remnknt, f o r  example, exists i n  the  X-ray p i c t u r e  of 
t h e  second series taken with a beam paral le l  t o  t h e  plane of t h e  f i l m  
(Figure 21). 

For angles of r o t a -  

A s  far as t h e  weak 

On t h e  basis of two series of X-ray p ic tures ,  t h e  d i s t r i b u t i o n  of  
i n t e n s i t y  of low-angle sca t t e r ing  may be represented i n  t h e  following man- 
ner.  The p r i n c i p a l  p a r t  of t h e  i n t e n s i t y  i s  concentrated along two re- 
gions of t h e  planes i n  the  reciprocal space. 
are perpendicular t o  t h e  ax i s  of the  chain and correspond t o  t h e  f i r s t  
l a y e r  l i n e s  on t h e  low-angle X-ray p ic ture  of t h e  tex tures .  
t h e  reg ions  of t h e  planes are approximately rectangular.  
t h e  r ec t ang le  i s  perpendicular t o  t h e  plane of  t h e  f i l m .  

These regions of t h e  planes 

I n  appearance, 
The long s ide  of 
The second, 
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weaker p a r t  of t h e  i n t e n s i t y  of low-angle s c a t t e r i n g  cons i s t s  of two re- 
gions of t h e  surface which interconnect t h e  regions of t h e  plane surfaces.  
These surface regions do not surround t h e  regions of t h e  planes from a l l  
s ides .  They connect t he  long s ides  of t h e  rec tangles  only. All of t h e  
low-angle s c a t t e r i n g  d i s t r i b u t i o n s  are shown i n  Figure 3. The r ec ip roca l  

space i s  shown i n  t h i s  drawing t o  scale and H, = 0.072A /I064 0-1 0 
( A  = 1.34A). 

- 
\ 
\ 

\ I  
r‘d <,“i; 

1 PQ 
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Figure 3. 
with Respect t o  t h e  Plane of t h e  Film 

Dis t r ibu t ion  of Lo-x-Angle Sca t t e r ing  of X-Rays 

L e t  u s  see how t h e  form of t h e  inverse space conforms with t h e  in- 
t e n s i t y  d i s t r i b u t i o n  on t h e  X-ray p ic tures  of t h e  two s e r i e s .  The region 
of t h e  plane of t h e  r ec ip roca l  space having t h e  form of a rec tangle  ap- 
pears  i n  t h e  form of reflexes of various lengths  on t h e  X-ray p i c tu re s  of 
t h e  f i r s t  series. I n  addition, a p a r t i c u l a r l y  c l e a r  v e r i f i c a t i o n  of t h e  
ind ica ted  form of t h e  domain i n  the  rec iproca l  space i s  t h e  displacement 
of t h e  r e f l e x  towards l a r g e  angles on p i c tu re s  of t h e  second s e r i e s .  
ing r o t a t i o n ,  t h e  regions of t h e  planes i n  t h e  r ec ip roca l  space i n t e r s e c t  
t h e  sphere of r e f l e c t i o n  which, fo r  small angles 2 8 may a l s o  be replaced 
by planes a t  a l l  g r e a t  d i s tances  from t h e  center.  This i s  what produces 
t h e  displacement of t h e  reflex. Simultaneously, t h e  width of t h e  reflex 
m u s t  decrease along t h e  meridian, and t h i s  i s  a l s o  observed on t h e  X-ray 
P i c t u r e s  (Figure 2a). 
t r i b u t e d  along t h e  Debye ring, then t h e  pos i t ion  of t h e  r e f l e x  would not 
change. 
t h e  second s e r i e s  c o n s t i t u t e  t h e  most s e n s i t i v e  method f o r  d i s t inguish ing  

Dur- 

If t h e  p r inc ipa l  p a r t  of t h e  i n t e n s i t y  were d i s -  

Inclined p i c tu re s  of t h e  type corresponding t o  t h e  p i c tu re s  of 
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t h e  d i s t r i b u t i o n  of t h e  i n t e n s i t i e s  along planes i n  t h e  r ec ip roca l  space 
from t h e  d i s t r i b u t i o n  of i n t e n s i t i e s  along t h e  sphere. The na ture  of t h e  
d i s t r i b u t i o n  of t h e  second, weaker pa r t  of t h e  in t ens i ty ,  which intercon- 
nec t s  t h e  regions of planes, i s  associated with t h e  occurrence of a r c s  
which interconnect t h e  dashes on t h e  l a y e r  l i n e s .  The f a c t  t h a t  t h e  re- 
gions of t h e  sur faces  interconnect only t h e  long s ides  of  t h e  r ec t ang le s  
i s  due t o  t h e  disappearance of t h e  arcs during r o t a t i o n s  g r e a t e r  than  45* 
on t h e  X-ray p i c tu re s  of t h e  first se r i e s .  I n  addition, i f  t h e  sur faces  
were t o  interconnect t h e  planes from a l l  s ides ,  w e  would have obtained a 
r i n g  o r  an e l i p s e  i n  t h e  X-ray p ic tures  of t h e  second series taken with a 
beam p a r a l l e l  t o  t h e  plane of t h e  f i l m ;  i .e . ,  with a beam along t h e  axis 
of t h e  chain. 
dashes. 

However, t h i s  X-ray p ic ture  (Figure 2b) has only two 

I n  conclusion, w e  should note t h a t  t h e  magnitudes of t h e  angles 
shown i n  Figure 3 are approximate with an accuracy of 5' t o  
accura te  measurement of t hese  quan t i t i e s  from t h e  low-angle 
of t h e  t e x t u r e s  i s  hardly possible.  

Discussion of t h e  R e s u l t s  

L e t  u s  consider a system of domains having an excess ( 
e l e c t r o n  dens i ty  .hP which i s  responsible f o r  t h e  occurrence 

- 
10'. A more 
X-ray p i c t u r e s  

n s u f f i c i e n t  ) 
of t h e  l a r g e  

period. I n  what manner m u s t  t h e  domains be d i s t r i b u t e d  along t h e  sample 
so t h a t  w e  can expla in  t h e  observed d i s t r i b u t i o n  of t h e  i n t e n s i t i e s  of 
low-angle s c a t t e r i n g  i n  t h e  rec iproca l  space? To explain t h e  absence of 
t h e  zero  layer l i n e  the re  i s  only one poss ib le  proposition--the pro jec t ion  
of t h e  excess e l ec t ron  dens i tyA on t h e  equa to r i a l  plane i s  t h e  same a t  

a l l  po in t s .  
t h e  e q u a t o r i a l  plane, i n t e r s e c t s  a t  random. 
defined l a y e r  l i n e  ind ica t e s  t h a t  t h e  pro jec t ion  of t h e  vectors,  connect- 
ing  t h e  domains A p  and located along t h e  v e r t i c a l  d i r ec t ion ,  f o r  t h e  most 

p a r t  have a value of 140A. The i n t e n s i t y  of s ca t t e r ing  by t h e  domains 4 
may be represented i n  t h e  form: 

This can occur only when each domain, during pro jec t ion  on 
The presence of a w e l l -  

0 

2 Here, 4, i s  t h e  sca t t e r ing  of one domain, rkkf i s  t h e  vec tor  connect- 

i ng  t h e  domains aP k and Apk 1 ,  s = 4~csine/i, s znd v e t  are pro jec t ions  of 

S and ra l  i n  t h e  v e r t i c a l  d i rec t ion ,  and S, and 1kkf are t h e  pro jec t ions  

U 
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of these  same vectors on t h e  equator ia l  plane. 
s t r a ined  region i n  t h e  f i rs t  plane of the r ec ip roca l  space i n d i c a t e s  t h a t  
t h e  value of let, which interconnects t h e  domains t h a t  produce interfer-  

ence on t h e  first l a y e r  l i n e ,  m u s t  l i e  wi th in  t h e  limits which, roughly 
speaking, are determined by t h e  r e l a t ionsh ip  I = fl/Srp where Srp corre- 

The presence of a re- 

/io65 

sponds t o  t h e  maximum value of SL. This means t h a t  t h e  domains A~ are 

s i t u a t e d  along the chains whose projections on t h e  hor izonta l  plane m u s t  
be wi th in  these  l i m i t s .  

W e  can propose two models which s a t i s f y  t h i s  condition and which are 
shown i n  Figure 4a and b. 
of l i n e a r  chains inc l ined  a t  various angles (Figure 4b) i s  contrary t o  
experiment. 

However, t h e  existence of a model cons is t ing  

a b 

Figure 4. a. System of Bent Chains; b. System of Linear 
Chains wi th  Various Inc l ina t ions .  The black areas repre- 
sen t  the c r y s t a l l i t e s ,  while t h e  gray areas show t h e  
t r a n s i t i o n s  between c r y s t a l l i t e s .  

Indeed, i n  t h i s  case t h e  in t ens i ty  of t h e  low-angle s c a t t e r i n g  would 

Thus t h e  only poss ib le  scheme i s  
The f a c t  t h a t  t h e  zero plane i n  t h e  

have been d i s t r i b u t e d  along a sphere and not  along a plane i n  t h e  rec ip-  
r o c a l  space as observed experimentally. 
t h e  d i s t r i b u t i o n  shown i n  Figure ka. 
r e c i p r o c a l  space does not  exh ib i t  any low-angle s c a t t e r i n g  i s  now e a s i l y  
explained. 
t h e  rec tangles  p k k ,  of t h e  individual chains are superimposed on one 

another and form a continuous d i s t r i b u t i o n  of e l ec t ron  dens i ty  which 
n a t u r d l y  does not give any low-  angle sca t t e r ing .  
show t h a t  a slmple ana lys i s  of t h e  i n t e n s i t y  d i s t r i b u t i o n  of low-angle 

The chains are bent and in te r twine  with each o the r  so t h a t  

These considerations 
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s c a t t e r i n g  without introducing other data leads t o  a d e f i n i t e  scheme f o r  
t h e  d i s t r i b u t i o n  of domains i n  space which are respons ib le  fo r  low-angle 
sca t t e r ing .  

L e t  u s  now d i scuss  i n  d e t a i l  the r e l a t i o n  between the results of t h e  
X-ray inves t iga t ions  car r ied  ou t  with l a r g e  and small angles. Since t h e  
main p a r t  of t h e  low-angle sca t t e r ing  i n t e n s i t y  i s  s i tua t ed  on planes 
perpendicular t o  t h e  axis of t h e  macromolecule, w e  are pr imar i ly  i n t e r -  
ested i n  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  a x i s  of t h e  macromolecules. The 
d i s t r i b u t i o n  of t h e  axes of t h e  chains i s  characterized by t h e  polar  
f i g u r e  H- which w e  s h a l l  consider i n  d e t a i l  (Figure 5 ) ,  ( R e f .  3). 1-05’ 

- .  - . -- 

Figure 5. Polar Figures H- and H 105 100 

The polar  figure H- shows t h a t  t h e  d i s t r i b u t i o n  of  t h e  axes of 
105 

t h e  molecules can be divided i n t o  two p a r t s  corresponding t o  t h e  d iv i s ion  
of  t h e  p i c tu re  of t h e  low-angle sca t t e r ing  in t ens i ty .  
o f  t h e  bas i c  p a r t  o f  t he  axes of t h e  chains i s  characterized by an 
e l l i p s e  which i s  s t rongly  elongated i n  t h e  plane of t h e  f i l m .  The sec- 
ond p a r t  of t h e  d i s t r i b u t i o n ,  which i s  associated wi th  a much smaller 
number of macromolecular axes, i s  shown on t h e  polar  f i g u r e  i n  t h e  form 
of a narrow s t r i p  interconnecting t h e  elongated ends of  t h e  e l l i p s e s .  
This  p a r t  of t h e  po la r  f i g u r e  characterizes t h e  axes of  t h e  macromole- 
c u l e s  which are or ien ted  i n  an approximately uniform fash ion  i n  a l l  
d i r e c t i o n s  i n  t h e  plane of t h e  film. 
f i g u r e  i n  Figure 5 i s  constructed i n  such a way t h a t  t h e  plane of t h e  
f i l m  i n t e r s e c t s  it along t h e  meridian. 

The o r i e n t a t i o n  

W e  should remember t h a t  t he  polar  

If we now compare t h e  d i s t r i b u t i o n  of t h e  low-angle s c a t t e r i n g  
i n t e n s i t y  with t h e  d i s t r i b u t i o n  of the  o r i en ta t ions  of t h e  axes of t h e  
macromolecules, it becomes obvious t h a t  t h e  p r inc ipa l  p a r t  of t he  in ten-  
s i t y  o f  low-angle d i f f r a c t i o n  (i.e., t h e  regions of t h e  planes i n  t h e  
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r ec ip roca l  space) -3 associated w i  t h e  d i s t r i b u t i o n  of t h e  bas ic mass 
of t h e  macromolecule (i.e. , with t h e  e l l i p s e  on t h e  polar  f i g u r e  H- ) . 105 
The smaller por t ion  of t he  low-angle s c a t t e r i n g  in t ens i ty ,  cons is t ing  of 
sur faces  connecting t h e  rec tangular  regions of t h e  planes, i s  i n  i t s  
t u r n  r e l a t e d  wi th  a r e l a t i v e l y  mall quant i ty  of macromolecules or ien ted  
i n  t h e  plane of t h e  f i l m  i n  a l l  d i rec t ions .  

/io66 

Note t h a t  w e  speak cont inua l ly  of t h e  o r i e n t a t i o n  of t h e  axes of t h e  
macromolecules although, s t r i c t l y  speaking, t h e  polar  f i g u r e  character-  
i z e s  t h e  o r i en ta t ion  of  t h e  axes of t h e  c r y s t a l l i t e s .  
period i s  observed only i n  t h e  d i r ec t ion  of t h e  axis of a macromolecule. 
I n  no o the r  d i r e c t i o n  do we observe t h e  p e r i o d i c i t y  analogous t o  t h e  
l a r g e  period. 

Thus t h e  l a r g e  

Le t  u s  now consider t h e  asymmetry of the i n t e n s i t y  d i s t r i b u t i o n  of 
low-angle s c a t t e r i n g  along t h e  plane of t h e  r ec ip roca l  space; s p e c i f i -  
ca l ly ,  t h e  rec tangular  form of  t h e  regions of t hese  planes (Figure 3). 
I n  what manner can w e  reconci le  t h i s  f a c t  wi th  t h e  s p a t i a l  d i s t r i b u t i o n  
of  c r y s t a l l i t e s  which are charac te r izes  by t h e  polar  f i g u r e ?  
s ions  of t h e  e l l i p s e  which charac te r izes  t h e  d i s t r i b u t i o n  of t h e  bas i c  
m a s s  of t h e  macromolecule (Ref .  3) a re  as follows: 
f i l m  20°, i n  t h e  perpendicular d i r e c t i o n  loo. 
from t h e  polar  f i gu re ,  w e  may say t h a t  1kkf must form a rec tangle  on t h e  

e q u a t o r i a l  plane whose long s ide  i s  p a r a l l e l  t o  t h e  plane of t h e  f i l m  
and approximately twice t h e  s i z e  of i t s  shor t  s i d e  which i s  perpendicu- 
lar  t o  t h e  plane of the f i l m .  Such a d i s t r i b u t i o n  of vec tors  luI ex- 

p l a i n s  t h e  d i s t r i b u t i o n  of t h e  low-angle s c a t t e r i n g  in t ens i ty .  

The dimen- 

i n  t h e  plane of the 
Consequently, proceeding 

Indeed, from t h e  e q u a l i t y  1 = sr/SrP w e  ob ta in  f o r  &, a rec tangle  
0 0 

120 A x 240 A, whose long s ide  i s  paral le l  t o  t h e  plane of t h e  f i l m .  
Generally speaking, t h e  nonsymmetric d i s t r i b u t i o n  of t h e  i n t e n s i t y  may 
be  produced not only by t h e  d i s t r i b u t i o n  of luI b u t  a l s o  by t h e  func t ion  

a2. 
f i g u r e s  w e l l  explains t h e  form of  the  regions of the domains i n  rec ipro-  

c a l  space, w e  may assume t h a t  a2 i n  t h i s  case does not in f luence  t h e  
d i s t r i b u t i o n  of t h e  i n t e n s i t i e s  along t h e  plane i n  t h e  r ec ip roca l  space. 
It a l s o  follows from t h i s  t h a t  we cannot use t h e  dimensions of t h e  

domain i n  t h e  rec iproca l  space t o  obtain a simple value f o r  a2; i.e., 

However, s ince  t h e  d i s t r i b u t i o n  of 1 obtained from t h e  polar  
kk' 

f o r  t h e  form of t h e  domain A,,. Only when t h e  c r y s t a l l i t e s  are w e l l  

j 1- 



or ien ted  can w e  ob ta in  t h e  d a t a  on the  form of t h e  domains 
dimensions of t h e  domain i n  t h e  rec iproca l  space. 

Ap from t h e  

What i s  t h e  s t r u c t u r a l  i n t e r p r e t a t i o n  of t h e  results which w e  have 
obtained? From t h e  results of  inves t iga t ions  wi th  l a r g e  and s m a l l  
angles, we may say with a f a i r l y  f i r m  conviction t h a t  the regions 

between t h e  domains a, are indiv idua l  c r y s t a l l i t e s ,  while t h e  domains 

A p  
bent. A t  t h e  po in t s  of bending, t h e  c r y s t a l l i n e  s t r u c t u r e  i s  destroyed 
and t h e  e l e c t r o n  dens i ty  i s  reduced. The scheme w e  obtained confirms 
t h e  scheme of H e s s  which explains t h e  o r i g i n  of t h e  l a r g e  period by t h e  
a l t e r n a t i o n  of c r y s t a l l i n e  and amorphous domains along packets of 
macromolecules. Our results show t h a t  t h e  packets of macromolecules 
must have f l e x i b i l i t y  (Ref. 4) and t h a t  t h e  places a t  t h e  bends are 
amorphous domains. 

themselves represent  places where t h e  packets of macromolecules are 

Conclusions 

By comparing t h e  o r i e n t a t i o n  of c r y s t a l l i t e s  wi th  t h e  d i s t r i b u t i o n  

F i r s t  of a l l ,  we noted t h a t  t h e  l a r g e  period i s  only s i tua t ed  
of  t h e  i n t e n s i t y  of d i f f r a c t i o n  a t  small angles, w e  have made two deduc- 
t i o n s ,  
along t h e  axis of t h e  macromolecule and i s  not observed i n  o the r  d i r ec -  
t i o n s ,  Another conclusion concerns t h e  f a c t  t h a t  t h e  domains which are 
respons ib le  f o r  t h e  occur renceof the  l a r g e  period m u s t  be places of 
i n f l e c t i o n  i n  t h e  packets of macromolecules and t h a t  t hese  i n f l e c t i o n s  
are t h e  t r a n s i t i o n s  or boundaries between c r y s t a l l i t e s  of various 
o r i en ta t ion .  

The f i r s t  conclusion i s  i n  agreement with t h e  results of most of 
t h e  works devoted t o  t h e  study of l a rge  periods, although i n  some inves- 
t i g a t i o n s  (e.g,, R e f .  'j), t h e  authors poin t  t o  t h e  ex is tence  of perio- 
d i c i t y  i n  d i r e c t i o n s  perpendicular t o  t h e  a x i s  of t h e  chain and a s soc ia t e  
t h e s e  periods with t h e  t ransverse  dimensions of the packets of maco- 
molecules, 

On t h e  b a s i s  of our results, w e  may assume t h a t  t h e  p e r i o d i c i t y  
discovered along d i r e c t i o n s  which do not coincide w i t h  t h e  d i r e c t i o n  of 
t h e  b a s i c  mass of t h e  macromalecules i s  associated wi th  t h e  ex is tence  of 
macromolecules and c r y s t a l l i t e s  having a corresponding o r i e n t a t i o n  which 
i s  d i f f e r e n t  from t h e  o r i e n t a t i o n  of t h e  bas i c  mass of  t h e  chains. 
These periods mus t  have a s m a l l  in tens i ty .  

The second conclusion i s  i n  basic agreement wi th  t h e  scheme of Hess 
(Ref .  1) which i s  accepted by most inves t iga tors .  
and are intertwined, which explains t h e  absence of s c a t t e r i n g  a t  t h e  

The packets are bent 
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zero l a y e r  l i n e  and which simultaneously makes it impossible, i n  our 
case, t o  determine t h e  t ransverse  dimensions of the packets. 

A s  is known from t h e  l i t e r a t u r e  ( R e f s .  2 and 6), one of t h e  most 
i n t e r e s t i n g  f a c t s  i s  t h e  dependence of t h e  l a r g e  period value on t h e  
hea t  treatment of t h e  sample. 

Proceeding from our scheme, t h e  v a r i a t i o n  i n  the  magnitude of t h e  
l a r g e  period can be explained as a change i n  t h e  l eng th  of t h e  c rys t a l -  
l i t e s  as w e l l  as a change i n  or ien ta t ion .  
many o the r  f a c t s  concerning t h e  r e l a t i o n  between t h e  l a r g e  period and 
t h e  v a r i a t i o n s  i n  s t ruc tu re  requires,  f i rs t  of al l ,  a f u r t h e r  ca re fu l  
experimental inves t iga t ion .  I n  t h e  course of such an inves t iga t ion ,  i n  
our opinion, it i s  first necessary t o  ca r ry  on a p a r a l l e l  study of low- 
angle X-ray p i c tu re s  and X-ray p i c tu re s  taken a t  l a r g e  angles. 

This phenomenon toge ther  w i th  

Deductions 

1. The d i s t r i b u t i o n  of t h e  low-angle s c a t t e r i n g  i n t e n s i t y  of X-rays 

A comparison has  been m a d e  wi th  t h e  r e s u l t s  of 
from films of polyethyleneterephthalate having an axially-plane texture 
has  been studied. 
i nves t iga t ions  on t h e  X-ray d i f f r a c t i o n  of these  films f o r  l a r g e  angles 
of  d i f f r a c t i o n .  

2. It has  been shown t h a t  t h e  l a r g e  period recurrence i s  observed 
only along t h e  axis of t h e  macromolecule. 

3. It has been m a d e  c l e a r  t h a t  t h e  domains responsible f o r  t h e  
occurrence o f t h e  l a r g e  period must be areas of t r a n s i t i o n  between crys- 
t a l l i t e s  or ien ted  i n  various d i rec t ions .  

4. It has been shown t h a t  t h e  system of bent and intertwined /lo68 
packets of macromolecules explains t h e  p i c tu re  of t h e  X-ray d i f f r a c t i o n  
f o r  l a r g e  as w e l l  as small angles. 

I n s t i t u t e  of Elementary Organic Compounds, 
Academy of  Sciences, USSR 

Submitted 3 January 1962 

BIBLI0C;RAPEiY 

1. Hess,K.  and Kiessig,H. Z. phys. Chem. (A), 193, 196, 1944. 
2. Porod,G. F o r t s c h r i t t e  d e r  hochpolymeren - Forschung, 2, 363, 1961. 
3. Tsvankin, D. Ya. Vysokomolek. soed. 5, 123, 129, 1963. 



J 

12 

4. Kargin, V. A. and Slonimskiy, G. L. 
polimerov (Essays on the Physical Chemistry of Polymers), Izd. 
Moskovskogo universiteta, 1960. 

Ocherki po fiziko-khimii 

5. Rothe, H. Faserforsch und Textiltechn., 8, 244, 1957. 
6. Statton, W.O. J. Polymer Sei., 41, 143, 1959. 

Translated for the National Aeronautics and Space Administration 
by John F. Holman and Co. Inc. 


